The effect of normothermic ischemia and ischemia/reperfusion on the function of cardiac sarcoplasmic reticulum (CSR) was investigated using a modified Langendorff perfusion of isolated rat hearts. The function of the CSR was assessed by the oxalate-supported Ca2' uptake rate of ventricular homogenates. The contribution of the ryanodine-sensitive portion of the CSR was determined by using 20 ,uM ruthenium red or 625 ,uM ryanodine to close the CSR Ca2+ release channel. The Ca2' uptake rate of the CSR decreased progressively with increasing duration of ischemia, but this depression was much less when uptake was assayed in the presence of ryanodine. The depression in CSR Ca2+ uptake preceded ischemic contracture.
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Ryanodine and ruthenium red stimulated uptake almost equally in control hearts, but ruthenium red was much less effective than ryanodine after ischemia. This difference could not be overcome by increasing the ruthenium red concentration. These results confirm the suggestion that the Ca2' release channel is inappropriately opened after ischemia. The CSR uptake rates were almost completely restored at 15 minutes of reperfusion after 5 and 10 minutes of ischemia but were only partially restored after 15 minutes of ischemia. At reperfusion, mechanical function (end-diastolic pressure and peak systolic developed pressure) was markedly depressed after only 15 minutes of ischemia. The degree of "stunning" correlated well with the depression of CSR function in individual hearts. The decreased Ca2' uptake of the CSR was not due to a buildup of ADP in the homogenates. These results suggest that the reversible ischemic damage of the CSR may be due to a reversible regulation of CSR function and that this regulation may be involved in the causal cascade of events that give rise to postischemic stunning. (Circulation Research 1992; 70:163-171) N ormal force or pressure development in the heart requires the coordinated excitation of the myocytes coupled to a rapid rise in cytosolic [Ca2"], which then allows engagement of the contractile elements. In principle, the mechanical dysfunction observed in ischemia could arise from the failure of any of the sequential elements of excitation, Ca2' transient, and force development.
The cardiac sarcoplasmic reticulum (CSR) makes a major contribution to the Ca2' transient, because removal of the Ca2' contribution of the CSR by ryanodine leads to a marked inhibition of the Ca2' transient and force development.12 Thus, alterations in CSR function consequent to ischemia or ischemia/ reperfusion should have significant effects on the mechanical function of the heart. Many laboratories have already shown that ischemia depresses the Ca 2 transporting capabilities of CSR,3-18 but the reported ischemic damage has varied considerably with the species of laboratory animal used, the method used to produce ischemia, and the assay used to assess CSR function. The most commonly used assays of CSR function are the rate of Ca21 uptake of isolated CSR vesicles in the presence of a precipitating anion such as oxalate and the extent of steady-state filling with Ca 2 in the absence of precipitating anions. Both the rate of anion-supported Ca21 uptake and the extent of steady-state filling depend on a balance between influx of Ca 2 mediated by the Ca-ATPase and the efflux of Ca21 from the vesicles. '9,20 The major efflux pathway for Ca 2 is through the ryanodine-sensitive Ca2`release channel.21-23 Thus, Ca2+ uptake rate by the CSR could be depressed by either reducing the Ca 2 influx by reducing Ca2+-ATPase activity or increasing Ca>2 efflux by opening the Ca2+ release channels. Several studies have concluded that the Ca-ATPase is damaged after ischemia. Global6,9"11'13'15 or regional4'7"18 ischemia in the dog caused a depression of the Ca-ATPase rate of isolated CSR vesicles. The degree of depression was much greater in the globally ischemic model. Marked depression of the Ca-ATPase of isolated CSR was also observed in rat hearts made globally ischemic in a Langendorff preparation. 17 On the other hand, the Ca-ATPase of CSR isolated from globally ischemic guinea pig hearts was not depressed, even though Ca>2 uptake was depressed.12 However, the process of isolating CSR may produce a nonrepresentative sample that may be more damaged than the whole-tissue CSR.1" Thus, studies of isolated CSR may be inappropriate to characterize ischemic damage of this organelle. In rats subjected to global ischemia, homogenate Ca>2 uptake rates were depressed when this rate was measured in the absence of CSR Ca>2 channel blockers but not when ryanodine was used to block this channel. 16 These results suggest that, in this model, the Ca-ATPase and permeability barrier of the CSR remain normal after ischemia while the efflux through the Ca>2 release channel is increased. Another study, also using rats, found that the incremental stimulation of Ca2+ uptake caused by ruthenium red or ryanodine was markedly depressed after ischemia and that this was further depressed by reperfusion. '7 This study assessed CSR function by the Ca>2 uptake rate of a "postnuclear fraction" and the isolated rat CSR vesicles.
The role of the CSR in ischemic and postischemic mechanical dysfunction has not yet been adequately clarified. It is known that the average cytosolic [Ca>2] is increased during ischemia.24-34 Since part of this failure to regulate cytosolic [Ca>2] could be due to dysfunction of CSR, we have investigated the effect of ischemia and ischemia/reperfusion on CSR function. We have focused on the relation between the time course of mechanical dysfunction and CSR dysfunction to determine if CSR dysfunction could be a cause of the mechanical dysfunction or a parallel result of ischemic damage. We have used the homogenate Ca>2 uptake rate in this study because it avoids artifacts in the isolation of purified CSR vesicles."
Because the Ca>2 uptake assays were performed under identical conditions, our results do not address the issue of the effect of the modified ischemic cytosolic milieu on CSR function. Instead, the experiments were performed to discover changes in CSR function that persist after homogenization and preincubation and thus could be viewed as being due to long-lasting changes in the CSR.
Materials and Methods

LangendorffPreparation and Ventricular Homogenization
Male Sprague-Dawley rats (313 +±10 g) were anesthetized with 65 mg/kg sodium pentobarbital. After the rats were heparinized via the femoral vein with 0.1 mg/kg heparin, the heart was removed and immediately placed in ice-cold Krebs-Henseleit solution that contained (mM) NaCl 118.5, NaHCO3 25, MgSO4 1.2, KH2P04 1.2, glucose 11.1, CaCl2 1.4, and KCl 3.2 (pH 7.4), which had been gassed with 95% 02-5% CO2. The heart was then attached to a Langendorff apparatus via the aorta to provide retrograde perfusion with Krebs-Henseleit buffer. A small latex balloon connected to a polyethylene cannula was placed in the left ventricle and then connected to a pressure transducer (model P23XL, Grass Instrument Co., Quincy, Mass.). The enddiastolic pressure was set at -5 mm Hg. The hearts were perfused for a 20-minute equilibration period with Krebs-Henseleit buffer maintained at 37°C and at pH 7.4 by constant bubbling with 95% 02-5% CO2. The average heart rate was 339+6 beats per minute. Pressure and electrocardiogram were monitored continuously. The temperature of the hearts was monitored using a myocardial thumbtack probe and a YSI telethermometer (Yellow Springs Instrument Co., Yellow Springs, Ohio). The temperature was measured at 10 and 18 minutes of the equilibration period, at 4 minutes of ischemia, and at 4 minutes of reperfusion. The temperatures did not vary more than 1°C. Flow rates were measured after 1 minute of equilibration (23.7+1.3 ml/min) and after 1 minute of reperfusion (21.6±1.4 ml/min). After the equilibration period, the hearts were subjected to 5, 10, or 15 minutes of ischemia with 0-, 5-, 10-, or 15-minute periods of reperfusion. During the ischemic period, the heart was submersed in a bath of Krebs-Henseleit buffer at 37°C. After the prescribed periods of ischemia and reperfusion, the hearts (1.24±0.02 g) were removed and trimmed of atria and large blood vessels. The ventricles were homogenized in 5 vol ice-cold 10 mM imidazole buffer at pH 7.0 for 15 seconds on setting 6 with a Polytron homogenizer (Brinkmann Instruments, Inc., Westbury, N.Y.) using a PT10 probe. The protein concentration of the homogenates was measured by the method of Lowry using bovine serum albumin as a standard. 35 The average homogenate protein concentration was 23 analysis of mechanical function was performed using paired t tests to test the null hypothesis that the mechanical function of the ischemic hearts was unchanged from the control.
Results
The effect of global ischemia on the diastolic pressure and CSR function is shown in Figure 1 . This figure does not show the rapid decline in developed pressure to zero within the first 2 minutes of ischemia. Diastolic pressure began to rise as early as 5 minutes after the start of ischemia. At this time the Ca2' uptake rate of the ischemic homogenates was already significantly depressed from 24.2+1.7 in the control to 19.0±+1.6 nmol * min-1* mg-1 (mean±SEM, n=6). Thus, depression of homogenate CSR Ca2+ uptake rate preceded the development of ischemic contracture. The Ca2+ uptake rate determined in the presence of ruthenium red was also depressed from 45.6±2.1 to 39.2±2.5 nmol * min-1 * mg-, but this depression did not reach statistical significance. In the presence of ryanodine, the uptake rates declined from 39.3±1.2 to 35.9±1.8 nmol. minm' mg-1, which was also not statistically significant. With longer periods of ischemia, the hearts uniformly entered ischemic contracture. Diastolic pressure peaked at 12-15 minutes at -85% of the equilibration peak systolic pressure. In the absence of CSR Ca2+ channel blockers, there was a statistically significant difference in the Ca2+ uptake rate between all time points except 15 and 30 minutes of ischemia (6.6±1.2 and 5.0±0.9 nmol . min' * mg-1, respectively). The Ca2' uptake rate in the presence of ruthenium red was significantly depressed from control by 10 minutes of ischemia, and the uptake rate after 15 and 30 minutes was significantly lower than after 10 minutes of ischemia. Although the Ca21 uptake rate in the presence of ryanodine was statistically depressed after 10 minutes of ischemia, there was no further depression on exposure to 15 or 30 minutes of ischemia.
These results show that the Ca2+ uptake rate of ventricular homogenates was depressed by ischemia even when the Ca21 uptake rate was assayed in the presence of the CSR Ca2+ channel blockers. Our previous results indicated that the Ca21 uptake activity determined in the presence of ryanodine was not depressed by ischemia. 16 The disagreement between these results may be due to the temperature at which the hearts were maintained during the ischemic period. In our previous experiments, the ischemic hearts were kept in an enclosed air space surrounded by a water jacket at 37°C. In the present experiments, the hearts were submerged in Krebs-Henseleit buffer surrounded by a water jacket at 37°C. Direct measurement of the temperature of the hearts in the enclosed air space showed that these hearts were actually hypothermic, presumably because of evaporative cooling in an insufficiently sealed air space. A direct comparison of the effects of 30 minutes of global ischemia at 32°C and 37°C showed that the Ca2+ uptake in the presence of ryanodine was depressed only 8% at 32°C (p=NS) and 39% at 37°C (pO0.05 compared with 0 minutes of ischemia, 37°C equilibration). At 15 minutes of global ischemia, hearts kept at 32°C had significantly higher Ca21 The results of Figure 1 do not allow the clear conclusion that the Ca-ATPase is unaffected by ischemia while the Ca>2 release channel is opened, because neither ryanodine nor ruthenium red was able to completely restore Ca2+ uptake activity to control levels. Nevertheless, these data suggest that the CSR Ca2+ release channel is altered after ischemia because the absolute decrease in the Ca2+ uptake activity caused by ischemia was greater when the uptake activity was measured in the absence of ryanodine. The ability of ruthenium red to stimulate the net Ca2+ uptake rate was also decreased after ischemia.
The incremental stimulation of Ca>2 uptake by ruthenium red and ryanodine and the difference in this incremental stimulation are shown in Table 1 . The incremental stimulation of Ca2+ uptake by ruthenium red progressively decreased with increasing duration of ischemia, while the incremental stimulation by ryanodine increased. Ruthenium red stimulated Ca' uptake more than ryanodine in homogenates of hearts subjected to 0 and 5 minutes of ischemia, but it stimulated Ca2+ uptake less than ryanodine after 15 and 30 minutes of ischemia.
There are at least three distinct possible explanations for the differential effect of ruthenium red and ryanodine on control and ischemic ventricular homogenates: 1) The Ca>2 release channel may no longer close in response to ruthenium red because of a change in the ruthenium red binding site.
2) The sensitivity of the Ca>2 release channel to ruthenium red may be altered by ischemia so that the ruthenium red concentrations in the assay may no longer be sufficient to close the channel.
3) The Ca-ATPase may be sensitized to inhibition by ruthenium red. To help distinguish among these alternatives, the response of ventricular homogenates to ruthenium red was investigated with homogenates of hearts exposed to 0 and 30 minutes of global ischemia. The results, shown in Figure 2, Ca2' uptake caused by ischemia is shown in Figure 3 .
As in the results of Figure 1 , the absolute decrease in Ca2' uptake caused by 30 The mechanical function of the reperfused hearts was evaluated by the left ventricular end-diastolic pressure (LVEDP) and the peak systolic developed pressure as determined by an intraventricular balloon. The values of the developed pressure were normalized to the equilibrium values for each heart. The heart rates measured at the end of the reperfusion periods averaged 295+± 10 beats per minute compared with 339±9 beats per minute during the equilibration period. The degree of mechanical dysfunction after ischemia/reperfusion was assessed by the per cent of equilibrium developed pressure and the increase in LVEDP over the equilibrium LVEDP. The equilibrium LVEDP averaged 6+1 mm Hg and was not significantly different for any experimental group. Hearts that exhibited marked rhythm abnormalities (tachycardia and fibrillation) were excluded from the assessment of mechanical function. The mechanical function data (Table 3) indicate some reduction in developed pressure after reperfusion of hearts made ischemic for 5 or 10 minutes, with only small changes in the LVEDP. After 15 minutes of ischemia, however, there was a marked reduction in developed pressure and a large increase in LVEDP. The hearts that were reperfused after 15 minutes of global ischemia were "stunned" by these criteria, whereas hearts subjected to 5 and 10 minutes of ischemia showed relatively slight mechanical dysfunction.
If dysfunction of CSR is causally related to mechanical dysfunction on reperfusion of the ischemic heart, then there should be a good correlation between CSR function and indexes of mechanical dysfunction. Figure 4 shows the correlation between homogenate Ca'+ uptake rates (measured in the absence of CSR Ca'+ channel blockers at the end of the reperfusion period) and the developed pressure (expressed as per cent of the equilibration developed pressure) and the increase in LVEDP, in millimeters of mercury. Figure 4 shows only the data from hearts subjected to 15 minutes of ischemia followed by 5, 10, or 15 correlation between homogenate Ca`+ uptake rate and developed pressure (r=0.86) when only the points at 10 and 15 minutes of reperfusion were considered. The developed pressure after only 5 minutes of reperfusion was less well correlated with the homogenate Ca`s uptake rate. The correlation coefficient between the increase in LVEDP and homogenate Ca`+ uptake rate was 0.91 for the 10 and 15 minutes of reperfusion. Here also the increase in LVEDP after 5 minutes of reperfusion was less well correlated with the homogenate Ca`+ uptake rate.
It should be emphasized here that the mechanical function was evaluated under the conditions prevailing in situ, whereas the CSR function was evaluated under identical conditions in vitro. Thus, the rapid reversal of CSR function on reperfusion reflects the rapid alteration of the capabilities of the CSR, whereas the mechanical function would reflect intrinsic changes in the myofilaments plus changes in the cytosolic milieu. It may be for this reason that the hearts obtained after 5 minutes of reperfusion after 15 minutes of ischemia show less developed pressure and higher LVEDP for the homogenate Ca2+ uptake activity as compared with hearts after 10 and 15 minutes of reperfusion.
Discussion
The ventricular homogenate oxalate-supported Ca2+ uptake rate was used throughout this study as an indicator of CSR function. This method has several advantages compared with studies using the isolated CSR vesicles. The rapid assay of homogenate Ca 2 uptake within 10 minutes of removal from the modified Langendorff apparatus avoids the problem of significant degradation of Ca2+ uptake activity that occurs on isolation of CSR vesicles38,39 or even on storage of the homogenate on ice at 0-40C. 38, 39 The second advantage of the homogenate assay is that all of the CSR present in the homogenate contributes to the measured Ca2+ uptake rate. Previous studies1' have shown that the isolated CSR fraction from control and ischemic canine hearts is not equally representative of the whole tissue CSR activity (assessed by homogenate Ca21 uptake rate). Other studies38,39 have shown that the Ca>2 uptake activity is not easily released from the cellular debris of rat hearts, so that the postnuclear supernatant used by others17 is also probably not an accurate reflection of the total tissue CSR activity. Less than 10% of the homogenate Ca2+ uptake activity was found in the supernatant phase from a single lowspeed spin. 38 Previous studies, documented earlier,16 have shown the following: 1) Mitochondria and sarcolemma do not contribute to the oxalate-supported homogenate Ca2+ uptake as used in these experiments; thus, this activity is restricted to the CSR. 2) Oxalate-supported Ca2+ uptake is a good indicator of the initial rate of Ca2+ uptake in the absence of oxalate. The action of the very high concentrations of ryanodine used in our assay is to close the Ca2+ release channel, as opposed to the opening of the channel observed at much lower ryanodine concentrations. 5) Ruthenium red (20 ,uM) is optimal for maximal stimulation of rat ventricular homogenate Ca 2 uptake. 6) Phosphorylation of phospholamban causes a shift in the pCa curve for Ca2+ uptake, but this effect would not be observed in the homogenates because the free [Ca2+] during the uptake reaction remains well above the Km for Ca2+ in the presence or absence of phosphorylation of phospholamban. 7) Homogenate Ca2+ uptake is linear with time, suggesting that inactivation or inhibition of Ca2+ uptake activity does not occur during the course of the assay.
In our experiments, homogenate Ca>2 uptake activity was measured by diluting an aliquot of the homogenate 20-fold into an uptake reaction medium of defined, identical composition. Since the homogenate represents a sixfold dilution of the intact heart, cytosolic constituents would be diluted at least 120-fold in the final uptake medium. Thus, the concentrations of Ca2+, H+, Mg,2+ ATP, ADP, and Pi should be determined almost entirely by the added reagent concentrations and should not be significantly different for ischemic and control homogenates during the course of the Ca2+ uptake assay. Although the in situ function of the CSR during ischemia may be a consequence of altered capability of the CSR together with alterations in the cytosolic milieu adjacent to the CSR, our results should reflect only altered capability of the CSR, which persists after homogenization and incubation in the Ca2+ uptake medium.
Because the Ca>2 uptake assay was performed under nonphysiological conditions, it is not possible to predict the consequence of this CSR dysfunction for the Ca21 transients in situ. Slightly prolonged opening of the Ca2+ release channel could cause an increase in the Ca2+ transient as long as the CaATPase is able to recapture enough Ca2+ to replenish the CSR store. Markedly prolonged opening could result in depletion of CSR stores and a consequent diminution of the Ca21 transient. Prolonged opening of the Ca2+ release channel by low concentrations of ryanodine causes a depletion of the Ca2+ stored in the CSR in isolated rat cardiomyocytes. 40 One of the goals of this study was to determine if CSR dysfunction could be part of the causal cascade leading to ischemic and postischemic mechanical dysfunction. There are three aspects of the mechanical dysfunction consequent to ischemia: 1) the early, readily reversible decay of contractility that occurs within seconds to a few minutes, 2) ischemic contracture, and 3) prolonged depression of contractility after reperfusion of the ischemic heart (myocardial stunning). Myocardial stunning is the prolonged depression of left ventricular developed pressure and elevation of LVEDP on reperfusion of the profoundly ischemic heart.`9F nuclear magnetic resonance studies with 5F-BAPTA-loaded ferret hearts showed that the Ca>2 transient was paradoxically increased after stunning.31 The decrease in developed pressure has been attributed to both a decrease in maximal Ca>2-activated pressure43 and a decrease in the sensitivity of the myofilaments to Ca24.31 More direct studies in papillary muscles showed that hypoxia reduces both maximal force and the Ca>2 sensitivity of the intact muscle and that these effects could be mimicked in skinned cells by lower pH and higher P,.44 Moreover, the Ca-ATPase activity of isolated myofibrils is unchanged by myocardial stunning, suggesting that there may be no lasting structural change in the myofibrils caused by stunning.45 These findings suggest that at least one component of the mechanical dysfunction in the stunned heart is the altered cytowithin the first 2 minutes of ischemia was accompasolic milieu that does not support normal mechanical function. However, the contractility of the stunned canine myocardium can be increased by P-adrenergic The results reported here show that there is a change in the CSR that can be measured after homogenization and incubation in a defined medium. When the heart is stunned, as determined by a significant decrease in both the developed pressure and LVEDP, the Ca2' uptake of the homogenate in the absence of CSR Ca2' channel blockers is also depressed, whereas the Ca2' uptake rate in the presence of ryanodine is only slightly depressed. These results suggest that the Ca2' release channel is altered in the stunned heart and that any possible reduction in Ca-ATPase activity could comprise only a relatively minor component of CSR dysfunction.
The good correlation between homogenate Ca2' uptake assay and mechanical function assessed either by developed pressure or LVEDP suggests that CSR function may be involved in stunning, but it does not establish causality. Meno et a110 observed a good correlation between the Ca' uptake rate of isolated rat CSR vesicles and recovery of tension development in hearts subjected to low-flow ischemia. However, there was also a good correlation between the ATP or total adenine nucleotide content of the heart and recovery of tension. It follows from their results that low CSR uptake activity was correlated with low tissue ATP and total adenine nucleotide levels. If the depressed CSR Ca' uptake activity is due to an inappropriate opening of the ryanodine-sensitive Ca' efflux channel rather than to a depression in CaATPase activity, as suggested by our results, then the CSR could participate in a futile cycle in which Ca' is pumped into the CSR at the expense of ATP hydrolysis, only to come out again through the improperly opened channel. In this way, CSR dysfunction could contribute to stunning both by accelerating ATP depletion49-51 and by altering the Ca> transient.
